The granulometric analysis is a basic tool in the characterization process of particulate materials and can be determined through numerous methods, most notably the densimeter and laser diffraction methods. However, these techniques are based on distinct physical principles that can generate different results causing doubts. The objective of this paper was to study both methods, using a standardized sample preparation according to Brazilian standard NBR 7181. Kaolin and quartz samples were used to represent the clayey and sandy soil fractions, respectively, with compositions varying from 100% to 0% kaolin content. Granulometric distribution curves and respective fractions of each composition were determined. These results were statistically compared by analysis of variance (F-test) and correlated using linear regression. The statistical comparison indicated a strong dependence between the densitometer and laser diffraction methods with and without the same sample preparation, indicating a direct correlation with 95% confidence.
INTRODUCTION
The study of particle size and their distribution are of paramount importance for determining the properties of particulate materials. Particle size analysis for solid particles consists of determining the frequency with which particles occur in given size classes or ranges. The problem in this type of characterization is the result of the wide range of techniques available to obtain the particle size and its distribution [1] . The techniques for determining the particle size distribution for particulate systems are classified based on the fraction types. The granulometry of the coarse fractions (larger than the ABNT 200 0.074 mm sieve) is carried out by direct measurement through sieving. For the fine fractions (smaller than the 0.074 mm sieve), the granulometry is performed by both direct and indirect measurement. The direct method uses microscopic evaluation while the indirect methods are based on the relationship between particle size and a physical property, as in the sedimentation methods using Stokes' law and diffraction methods (laser, X-ray and optical), where the data treatments are performed by means of specific algorithms to each technique [2] .
The densimeter method is a technique based on sedimentation governed by Stokes' law, which relates the size of the particle to the sedimentation velocity in a liquid medium. When the height of fall (H) and the settling time (t) are known, the particle diameter (D) can be found. A particle falls due to the force of gravity in any fluid medium and during its movement is subject to a resistive force, whose magnitude depends on the fluid-dynamic regime and the morphological aspects of the particle. When the resistive forces (thrust and friction) equalize with the force of gravity, the particle reaches its terminal velocity, also known as sedimentation velocity, and falls at a constant rate [1, 3] . As studies have advanced, methods based on Stokes' law were joined with laser diffraction. Later, equipment began to use only laser diffraction to obtain the size and distribution of particles. The laser diffraction technique is very efficient and quickly returns results using the angular variation caused in the intensity of the incident light as the beam interacts with the particles dispersed in a fluid. The incident beam interacts with the particles in four distinct ways (diffraction, refraction, reflection, and absorption), forming a three-dimensional light envelope, which is affected by the optical properties (relative refractive index of the particle in the dispersing medium), the length of the light wave, and by the size and shape of the particle. Detectors measure the intensity and angle of the scattered light, generating a signal that is then converted into a particle size distribution using mathematical algorithms. This creates the scattering pattern, which can be analyzed based on Mie's diffusion theory of light, knowing the refractive indexes of the material and the environment medium [1, 4] .
Because each technique uses different physical principles for its analysis, the numerical values obtained are distinct from each other, making studies that correlate these values to find a common result necessary. Furthermore, there are striking differences between the dispersion methods and the preparation of the sample used, due to this the standardization of the granulometric analysis methods is of great interest in order to facilitate the interpretation of data obtained by different research areas [5, 6] . With regard to dispersion, the conventional sodium hexametaphosphate is specified in the Brazilian standard NBR7181 as the dispersant indicated for use in the densimeter method. During particle size and distribution analysis, the system should be completely dispersed, and this depends on the type of material being evaluated and the concentration of dispersant used. The fixed content of the dispersant defined by the standard can create a problem when its value is insufficient to promote the deagglomeration of all of the particles in the studied material. On the preparation of the sample, in turn, the physical characteristics of the material and the dispersion properties may affect the final result of the analysis, such as sample type and size, degree of aggregation, dispersion, type and concentration of the dispersing agent, pH, and zeta potential. These variables should be considered in the analysis in order to achieve a correlation between the results of the different granulometric analysis techniques presented in this work [7] . The objective of this study was to compare different methods of granulometric analysis, with the standardized sample preparation according to the Brazilian standard NBR 7181, through the analysis of variance by the F-test.
MATERIALS AND METHODS
The samples used were composed of kaolin and quartz, for the purpose of representing the composition of the fine soil fraction (passing through sieve #200), where the kaolin represented the clay fraction and the quartz the sandy fraction. The materials were obtained from Armil Minérios, for which five different formulations described in Table I were studied. The formulations were characterized by X-ray diffraction (XRD 6000, Shimadzu) to identify crystal phases present, where the radiation used was Kα of Cu, 2θ angle ranging from 5º to 60º and step scan of 0.02º. The identifications were made with X'pert HighScore Plus 3.0 software and its database. The thermal analysis (TA 60H, Shimadzu) was performed starting at the room temperature up to 1000 °C, with a heating rate of 12.5 °C/min. The chemical composition was determined by X-ray fluorescence spectroscopy (FRX 1800, Shimadzu). For granulometric analysis, sedimentation and laser diffraction techniques were used.
Dispersions were prepared for the granulometric analysis following the procedure described in NBR 7181-84 [8] , in which 100 g of the formulation was added to 125 mL of sodium hexametaphosphate solution with a concentration of 45.7 g of salt per liter of water. The dispersion was kept at rest for 24 h and then stirred for 15 min. It was then transferred to a beaker until the filling of 1 L; at this time the sedimentation test began. In the densimeter, the exact time which sedimentation began was recorded, and then the corresponding sedimentation times (t) of 0.5, 1, and 2 min were recorded (it is recommended to repeat these three first data after stirring the dispersion again, redoing them with the same initial times). The records were made subsequently at 4, 8, 15, and 30 min, and then at 1, 2, 4, 8, and 24 h of sedimentation. After preparation, 10 mL of the dispersion was removed for the particle size analysis by laser diffraction (Cilas, 1090, particle size analyzer). The measurement was based on Mie and Fraunhofer scattering theories with detected size range from 0.04 to 500 mm, obscuration index of 20% and ultrasonication by 60 s. Analyses were also carried out without the described sample preparation, for purposes of comparison. In summary, the granulometric analysis methods used in this research are described as sedimentation method (densimeter), laser with sample preparation (LPP) and laser without sample preparation (LP). In order to evaluate whether or not there were significant differences between the results obtained from the granulometric distribution analysis techniques, statistical analysis of variance was used to verify the difference between the means of two or more populations, based on the concept of standard deviation for each sample, the square of which results in the variance. This type of analysis can be considered an indicator of the behavior of the variables of two groups in order to differentiate between them. The hypotheses H0 (null hypothesis) and H1 (alternative hypothesis) related to the difference between the two variances are defined by the researcher. The null hypothesis, initially considered true, considers the variances of the two populations (S1 and S2) are equal and before its validation it is necessary to define the level of significance of the test (α) established in 5% in this research; from this, the confidence interval of the test (1-α) and its critical values were obtained. To test them, the F value was calculated from the ratio of the sample variances obtained from independent samples of the two populations, and then compared with the tabulated F value, obtained from the Fisher-Snedecor distribution at the 95% of confidence, defined as limits of the region of acceptance or rejection of the null hypothesis. If the calculated F is less than the table F, it is inside the acceptance region and the null hypothesis is accepted, indicating that there is no statistically significant difference between the variances of both populations; otherwise, the null hypothesis is rejected, indicating a statistically significant difference between the populations. To quantify the degree of correlation between the two methods under analysis, a linear regression was performed using the results obtained in the previously-described assays in order to determine the correlation coefficients. Pearson's correlation coefficient (R) was obtained by dividing the covariance of two variables by the product of their standard deviations, where in this case the variables examined were the cumulative volume percentage data for each method. The limit values of R are -1 and +1. The closer the unit is to its module, the greater the linear dependence between the variables involved. There is a conventional correlation classification defined in the literature that determines the level of correlation by the coefficient, so that |r|=1, the correlation is perfect [9] . The coefficient of determination, in turn, is defined by the value of the Pearson coefficient squared (R²), and establishes in a percentage degree the fit quality of a model, indicating how well it was able to explain the obtained results, as the module approaches the unit.
RESULTS AND DISCUSSION

Characterization of formulations
In Fig. 1 , the X-ray diffractograms for the compositions under study are shown. It was possible to observe the decrease of the characteristic kaolinite peaks in relation to the quartz peaks, as the kaolin content was reduced. The characteristic peaks of kaolinite clay of highest intensities are highlighted and are located at positions 12.48° and 25.00°, with interplanar distances of 7.09 and 3.56 Å, expected because kaolin is a material formed by a group of hydrated aluminum silicates, mainly kaolinite [10] . In addition to kaolinite, it was possible to verify the presence of muscovite mica as a contaminant present in compositions CAU100, CAU75, and CAU50, with characteristic peaks at 2θ 8.99° and 17.88°, corresponding to distances of 9.83 and 4.96 Å, respectively. The characteristic peaks of quartz with the highest intensities are located at 2θ positions of 26.78° and 21.02°, with interplanar distances of 3.32 and 4.22 Å [11, 12] . Table II shows the chemical composition of the formulations under study, as determined using X-ray fluorescence spectroscopy. The CAU100 composition had SiO 2 and Al 2 O 3 contents of 57.18% and 28.21%, respectively, which differed from those found in the literature for theoretical kaolinite, 39.8% and 46.5%, respectively. This occurred due to the presence of silicates that may be derived from clay minerals, mica, or feldspar present as contaminants in the composition. In this case, the contaminant was mica, as determined by the diffraction results. With the increase of quartz in the composition, the silica content increased considerably, decreasing the relative concentration of alumina. This was due to the chemical composition of quartz being composed exclusively of silica [11] . Fig. 2 represents the thermal behavior of the formulations under study. The decrease in the percentage of mass loss as the quartz content increased can be clearly seen, as quartz is a material of high thermal stability. The kaolin, in turn, is formed mainly by the clay mineral kaolinite, defined as a group of hydrated aluminum silicates, confirmed through XRD. The presence of water molecules, both adsorbed and in the composition, was eliminated by the increase in temperature, explaining the higher mass loss percentages for compositions having higher kaolin content. For compositions CAU100, CAU75, CAU50, CAU25 and QUARTZ, the mass losses were 12.63%, 8.20%, 3.57%, 1.67%, and 0.00% respectively. These were similar to the results found in the literature [13] . The results obtained from the sedimentation test are shown in Tables III and IV ; the granulometric distribution curves are shown in Figs. 3a and 3d. It was possible to see that the cumulative volume curves were discontinuous at the first point of the densimeter analysis, 74 µm. Similar results have been reported in the literature [14, 15] . Some authors have noted several factors that contribute to this discontinuity in the granulometric distribution curves, the main one is the change in the flow pattern of the suspension. During the initial stage of analysis, the suspension was agitated to maintain homogeneity and to prevent deposition of material at the bottom of the cylinder. This caused the movement of the particles chaotic and irregular, making Stokes's law no longer applicable. This turbulent flow can last for several minutes, affecting the initial readings of the densimeter, and therefore the curve [15] . It is important to note in Table III that it was not possible to identify the 10% particle diameter (D10) for the compositions under study in the densimeter method. The density of a suspension is proportional to the amount of solid present and to the difference between the densities of the suspending liquid and the suspended solid. The density of the suspension was measured from the densimeter recordings performed at predefined times and may have been insufficient to drop of minor diameter particles, as also the measurement was limited by the resolution of the equipment used to obtain the data [16] . It has been shown that the results obtained for the particle size distribution are strongly affected by the shape of the particles. This phenomenon causes the sedimentation velocity of the particles to be smaller than the sphere velocity with the same volume, where particles with flat shape tend to sediment not in a straight line, but describing an oscillating trajectory [1, 17] . The results obtained from the laser diffraction test using samples prepared according to the procedure of NBR 7181-84 are shown in Tables III and  IV; shown in Figs. 3c and 3f .
The results and curves obtained by these methods were compared and the difference between the results found was statistically evaluated. Fig. 4 shows the cumulative volume curves obtained by the methods for each formulation used. The differences between the granulometric curves generated by each method directly influenced the differences in the textural classification of the compositions, that is, in the clay, silt, and sand fractions. By comparing the results of the textural classification from the laser diffraction methods with and without sample preparation, an underestimation of the clay fraction for the unprepared sample method was seen. This showed that pretreatment is important because it breaks down the clay microaggregates, reducing error in the overestimation of the silt fraction, characteristic of the laser equipment. However, it was still not enough for the methods to produce equivalent results. These effects were also verified in the literature [15, [18] [19] [20] . With regard to the differences in textural classification obtained from the densimeter and laser diffraction methods, for all compositions, the clay fraction measured by laser diffraction was underestimated, even when using the same sample preparation for both techniques. This was due to the difference between the method of obtaining the equivalent diameter that each technique employs. Laser diffraction measured the optical grain diameter and from this, determined the equivalent spherical diameter. However, clay minerals have elongated particles with a high aspect ratio (diameter/thickness), hence the optical diameter obtained was larger than the equivalent spherical diameter, meaning that a considerable portion of the material measured as clay 
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Particle size (µm) Particle size (µm) by the densimeter was measured as silt by laser diffraction. These results were comparable to those found in the literature [15, 18, 21] . Some authors have pointed out that these methods have a high degree of agreement regarding the sand fraction of soils, as the particles of this fraction are practically spherical [15, 19, 20] . However, this agreement was not seen in this study, with the difference attributed to the size of the quartz particles. These particles, which represented the sandy fraction of the soil, passed through a #200 mesh sieve and were therefore within the size range considered to be clay fraction, possibly confusing the equipment and generating an error in the determination of the sand fraction. This may be characterized as a limitation of the laser diffraction technique. The granulometric analysis is frequently used in the study of soils to determine the granulometric fractions, which are described based on particle size. However, the categorization of particle size for each fraction can lead to errors in soil classification. Because specific materials were used to prepare the formulations, it was possible to know their mineralogical characteristics in advance and to limit the size range used (#200 mesh). By comparing the results obtained from the different techniques under study, it was possible to observe that the sample of kaolin, strictly clay, was shown to have a silt and sand fraction (added together) larger than its clay fraction. The quartz sample, strictly sandy, was shown to have a clay and silt fraction (added together) larger than its sand fraction, for all techniques used in this study. Among these methods, the densimeter technique produced percentage values for each fraction closest to the actual composition for each prepared formulation. This confirmed the low ability of the methods under study to deagglomerate the grains and therefore a low representativity, which can lead to errors in soil classification. The laser diffraction technique presented advantages over the densimeter method, such as: 1) it is quick to perform and provides more detailed information; 2) it has better reproducibility; and 3) it requires only small sample amounts. However, it was not able to measure the clay, silt, and sand fractions with high accuracy, such that for the composition composed only of kaolin (CAU100), high values related to the silt and sand fractions were identified (without sample preparation). Variations in density, particle shape, and mineralogy of the sand, silt, and clay ranges are the main factors that lead to the differences found [22] . However, in this study, known materials were used for the different compositions in order to eliminate any possible differences in density, shape, and mineralogy of the particles, and even so, differences were observed between the textural classification of the compositions obtained by the different methods, reinforcing the assertion that the differences between the physical principles that govern each method are the major causes of the inequal results obtained. In general, there is no universal correlation between the granulometric analysis methods, so a study of these correlations is necessary to verify the applicability of each technique.
Correlations
Correlation analysis between densimeter and LPP methods: Fig. 5 shows the correlation between the cumulative volume obtained by the densimeter method and the cumulative volume obtained by the LPP method. Accordingly, the coefficient of determination R² assured the adjustment quality of the model for all formulations under study. The correlation coefficient R for compositions CAU100 and CAU50 indicated a very strong relationship between the variables under analysis, and for compositions CAU75, CAU25, and QUARTZ the relationship between the variables was strong, as indicated by the coefficients obtained. These results fit with the comparisons between the granulometric curves previously described, since with the preparation of the sample, deagglomeration of the clay microaggregates occurred, and this facilitated the detection of the clay particles by the laser diffraction method. It was, therefore, possible to see that the results obtained by both techniques were similar for cumulative volumes, especially for materials composed predominantly of clay. For each technique alone, the cumulative volume is a function of particle size, that is, for each size range, a particle volume of that size was obtained during the test. Correlation analysis between LPP and LP methods: Fig.  6 shows the results of the correlation between the cumulative volume obtained from the laser diffraction method when the sample was prepared or not according to NBR 7181-84. Accordingly, the coefficient of determination R² assured the quality of the model fit for all formulations, just as the correlation coefficient R indicated a very strong relation between the variables analyzed. These results were in line with the comparisons between the granulometric curves previously described and those obtained through analysis of variance that indicated no statistical differences between the data obtained; in other words, the sample preparation did not influence the results obtained by this method.
Results of the analysis of variance between the densimeter and LPP methods: this analysis was done taking into consideration the sample preparation for both techniques. In Table V , the statistical results of the analysis of variance are presented, with the objective of evaluating the interrelation of the methods under study. All tests were performed at a significance level of α=5%. In a simple manner, the analysis of variance tests the null hypothesis of representativeness of the model to explain the phenomenon. The results presented for compositions CAU100, CAU75, CAU50, and QUARTZ compared the property for the two methods and proved that there was no statistical difference between either method of particle size analysis under study. The F calculated values, measured from the model variance ratio, were smaller than the values in the Fisher-Snedecor table for 11 degrees of freedom; so, within the acceptance region for the null hypothesis (H0) with a confidence of 95%, these methods reproduced the same result. For the CAU25 composition, the null hypothesis was rejected, since the F calculated was greater than the F tabulated , therefore placing it within the rejection region.
Analysis of variance of results for LPP and LP methods:
Table VI presents the statistical results of the analysis of variance to evaluate the interrelation of the methods under study. All tests were performed at a significance level of α=5%. A joint analysis of the variance tables for the laser diffraction methods with and without sample preparation showed that in all of the studied cases, the null hypothesis was accepted. This indicated that, from a statistical point of view, sample preparation did not influence the granulometric analysis results by laser diffraction for the compositions under study. The F calculated values measured from the model variance ratio were smaller than the values in the Fisher-Snedecor table for 99 degrees of freedom, so they fell within the acceptance range with a confidence of 95%. This result confirmed what was already expected, based on the similarity seen between the granulometric distribution curves for the laser methods with and without sample preparation. This study presented a more reliable assessment compared with the analysis of variance between the sedimentation and laser diffraction methods, as a larger sample size usually leads to a better estimate of the populational parameter.
Some authors [23, 24] compared the granulometric analysis methods quantitatively through analysis of variance. One study [23] evaluated the methods of sieving and densimetry for soil samples and verified that sedimentation quantified more accurately the sand, silt, and clay fractions, agreeing with the results obtained among the studied methods. Another study [24] , in turn, compared the methods of image analysis and laser diffraction through analysis of variance, and found no statistical difference between these methods. Regarding the textural classification of the studied compositions, differences between the clay, silt, and sand fractions for the evaluated methods were identified, mainly due to the differences between the physical principles used by the techniques to obtain the spherical particle diameter, which determines the final analysis result. The densimeter method was the most accurate in its fraction quantification, having a higher sensitivity in identifying the clay fraction. The laser diffraction method, in turn, underestimated the clay fraction and overestimated the silt fraction, which was higher for the method without sample preparation. The sand fraction was underestimated for all analyzed methods. Other studies point out that the sand fraction does not show drastic variations from one method to the other. However, it was possible to visualize that, depending on the size of the sandy particles present in the soil, this may be subject to alteration. The quartz used in the study compositions represented the sandy fraction of the soil, and should, therefore, be identified as such. The correlation was performed using the linear correlation coefficient (R) obtained by linear regression between the cumulative volumes of each method under study. This indicated a strong relationship between the results of the densimeter and laser diffraction methods with sample preparation and a very strong relationship between the laser diffraction methods with and without preparation.
CONCLUSIONS
The comparison between the laser diffraction methods (with and without standardized sample preparation) indicated that statistically there was no difference between these methods. The comparison between the densimeter and laser diffraction methods, both with standardized sample preparation, reported the same results, except for composition CAU25 (25% kaolin+75% quartz). The dispersion plots obtained through linear regression indicated the fit of the model for the variables under study and the correlation coefficient between them. It showed a strong correlation between the densimeter method and the laser diffraction method with sample preparation, and a very strong correlation between the laser methods with and without preparation, with 95% confidence. In general, it can be stated that the results related to the cumulative volume of the particle size distribution are statistically the same, regardless of the method used. From this, it can be inferred that the sample preparation for the laser method did not significantly interfere with the results obtained.
